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� Additively manufactured
conformable microfluidic force sensor
to measure forces during joint
replacement.

� Quantitative force data from sensors
could aid precise implant positioning
and balance.

� Sensor design optimised using finite
element modelling and calibrated
within a 3D printed model hip
implant.

� High sensitivity demonstrated at
typical forces experienced during hip
replacements.

� Powerful new surgical tool to aid
implant positioning, increasing the
lifetime of hip replacements.
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Balancing forces within weight-bearing joints such as the hip during joint replacement is essential for
implant longevity. Minimising implant failure and the corresponding need for expensive and difficult
revision surgery is vital to both improve the quality of life of the patient and lighten the burden on over-
stretched healthcare systems. However, balancing forces during total hip replacements is currently sub-
jective and entirely dependent on surgical skill, as there are no sensors currently on the market that are
capable of providing quantitative force feedback within the small and complex geometry of the hip joint.
Here, we solve this unmet clinical need by presenting a thin and conformable microfluidic force sensor,
which is compatible with the standard surgical procedure. The sensors are fabricated via additive man-
ufacturing, using a combination of 3D and aerosol-jet printing. We optimised the design using finite ele-
ment modelling, then incorporated and calibrated our sensors in a 3D printed model hip implant. Using a
bespoke testing rig, we demonstrated high sensitivity at typical forces experienced following
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implantation of hip replacements. We anticipate that these sensors will aid soft tissue balancing and
implant positioning, thereby increasing the longevity of hip replacements. These sensors thus represent
a powerful new surgical tool for a range of orthopaedic procedures where balancing forces is crucial.

� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Over 1.9 million total hip replacements (THRs) and 1.5 million
total knee replacements (TKRs) were performed in the United
Kingdom between April 2003 and December 2019 [1]. This rate
is ever increasing, with over 280,000 THRs and 320,000 TKRs per-
formed between 2017 and 2019. In the United States, the demands
for hip and knee replacements are predicted to rise to 1,429,000
and 3,416,000 annual cases respectively by 2040 [2]. This is due
to both an ageing global population and joint replacement patients
being younger and more physically active than a few decades ago
[2,3]. The greater the number of joint replacements, the greater the
number of resultant revision procedures required when the pri-
mary implant fails. Overall, 10% of primary THRs between April
2003 and December 2019 have required revision [1], but the failure
rate increases to 42% 25 years after primary hip surgery [4]. Revi-
sion surgery is expensive and technically challenging, so there is
considerable interest in improving surgical procedures to max-
imise the implant longevity [5–11]. Implant survival or longevity
is based on several factors, but implant positioning plays a funda-
mental role. Poor implant positioning has also been correlated with
a higher rate of dislocation, prosthetic impingement, leg length
inequality, implant loosening, accelerated wear and poor func-
tional outcomes [12–14]. These comprise about 40% of the causes
of revision surgery [15]. The primary THR dislocation rate is
approximately 7%, whereas this rate increases to 28% for revision
THRs [1]. Restoration of normal hip anatomy at the THR provides
for better clinical function and abductor strength as well as
reduced wear of the polyethylene implant component which is
prone to failure [16–20].

The hip is a ball and socket joint, and the biomechanical goals of a
total hip replacement are to achieve the correct centre of rotation of
the femoral head, and accurate leg length, offset and positioning of
the femoral and acetabular components, allowing hip stability. Dur-
ing a total hip replacement, the surgeon has access to the both the
acetabulum, i.e. the socket (cup) shaped part of the pelvic bone,
and the femoral head, i.e. the top of the thigh bone (the femur). After
removing the damaged cartilage and bone, the acetabular part of the
implant, a metal or polyethylene cup, is inserted into the acetabulum.
For a metal cup, an ultra-high molecular weight polyethylene
(UHMWPE) cup is inserted, to provide a low-friction articulating sur-
face to contact the implant’s femoral head. Ametallic stem is inserted
into the hollowed-out femur. A trial femoral head is attached to the
top of the stem, and together the femoral and acetabular components
are connected. The cup, head and stem components come in a range
of sizes, so the implant size can be tailored to the patient’s joint. The
surgeon then assesses the position, stability, leg-length and soft tis-
sue balance of the trial components by checking for combined antev-
ersion, moving the hip through a full range of movement but
especially into flexion, internal rotation, extension, external rotation
and telescoping the joint. Implant repositioning and resizing are per-
formed if required and the process of trialling is repeated. Once the
trial implants are deemed to have been correctly positioned with
the correct soft tissue tensioning, the trial implants are exchanged
with the final implants.

It is during this trial stage that surgeons lack objective force
data to aid precise positioning and balance. Quantitative force
feedback could provide information on whether the cup and stem
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are the correct distance apart (the correct offset) which leads to
accurate soft tissue balance and also whether this offers maximum
stability to the joint. Furthermore, dynamic assessment of the joint
during the trialling process with accurate force feedback could also
indicate the uniformity of force distribution across the joint. This
will also inform on the peak forces in cases of prosthetic impinge-
ment. This force balancing is crucial to restoring the anatomy of
the joint, to allow optimal function in terms of range of movement
and pain reduction; it is also necessary to reduce the chances of
dislocation, prosthetic impingement, and wear over time.

In the knee, the lack of quantitative force feedback during
implant positioning to inform the surgeon on balancing and
implant size choice has recently been addressed to an extent with
the single-use VERASENSE sensor (Orthosensor Inc.) [21]. Surgeons
are only able to balance the knee 50% of the time without VERA-
SENSE, but once the technology is introduced into total knee
replacements (TKRs), this rises to 92–100% of cases [22,23]. It has
also been demonstrated that the requirement for manipulation
under anaesthesia due to TKR complications is reduced by 3.2x if
ligament balancing is achieved using VERASENSE during the oper-
ation [24]. This technology uses flat, rigid piezoelectric elements to
provide force and positioning information during a TKR [25]. How-
ever, this cannot be readily adapted for the hip joint as it is curved
and has much less space than the knee. Any solution for the hip
requires components that are thin and flexible, but still capable
of bearing heavy loads.

This lack of objective measurement of force distribution during
the critical part of a hip replacement is a major unmet need, and
addressing it has the potential to significantly reduce the number
of hip revisions due to wear, dislocation, inadequate soft tissue bal-
ancing or prosthetic impingement.

To meet this need, we have developed a thin, flexible, biocom-
patible microfluidic force sensor that can be incorporated into the
implant geometry during the trialling stage of performing a THR.
We have also designed and fabricated a biomimetic trial insert to
host an array of sensors in the acetabular part of the total hip
replacement. We then designed and constructed a bespoke
mechanical testing rig onto which the sensor-loaded trial insert
could be mounted and a force could be applied via a femoral head
at different angles. The distribution of force at the sensor locations
could be recorded, thus providing a 3-dimensional representation
of the forces in a cup as the surgeon inserts the femoral head
and loads the hip at different angles. Importantly, we found that
our experimental results were in agreement with simulated results
from finite element modelling that was used to predict the forces
measured by the individual sensors as a function of the loading
angle. We designed the sensor to meet the requirements for force
measurements in a THR, but the design can also be rapidly cus-
tomised to target a range of biomedical force sensing applications.
The sensors were fabricated via an additive manufacturing route,
combining 3D and aerosol-jet printing.
2. Materials and methods

2.1. Finite element modelling of PDMS-based sensors in trial insert

COMSOL Multiphysics (COMSOL, United States) was used to
produce a finite element model to simulate the force distribution
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in the trial insert. This was therefore used to predict theoretical rel-
ative force readings between sensors located in different areas of
the cup.

Ball and Socket model (Fig. 2): This was designed to model the
ball and cup deformation, including the applied forces at different
points in the cup when a certain force is applied by the head (the
ball). The femoral head was made from a truncated sphere of alu-
mina of radius 15 mm, using COMSOL’s parameters for alumina
(Young’s Modulus E = 300 GPa, Poisson ratio m = 0.22). The acetab-
ular cup was modelled as a 1.5 mm-thick hemisphere with the
same internal radius as the femoral head, made from high-
density polyethylene (HDPE) because of its similarity to Formlabs’
Durable Resin. The orientation of the head with respect to the cup
Fig. 1. Incorporating functionalised microfluidic sensors into the THR implant for fo
layer and a Kapton substrate with aerosol-jet printed interdigitated electrodes. (B) The m
optional supporting columns. (C) Interdigitated electrodes are aerosol-jet printed onto t
Photograph of the sensor, highlighting the channel and reservoir. (E) Photograph of sens
Standard geometry of a hip implant. The cup containing the sensors is incorporated into
during the trial stage, consist of an outer cup, the sensors which lie in the grooves of the
(H) Photograph of the SLA 3D printed inner and outer cup. (I) Photograph of a sensor loca
showing how variable groove depth allows the channel to be shielded from force while
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axis (z-axis) was described by two angles h1 and h2 about orthogo-
nal rotation axes (x- and y-axes, respectively). COMSOL’s Structural
Mechanics module was used to implement this. A contact pair was
established between the head and cup’s outer surface. The femoral
head was set as the source and the cup was set as the destination,
following recommendations from the COMSOL Structural Mechan-
ics Module User’s Guide [26]. The model was solved using the pen-
alty method. The following boundary conditions were used: the
ball and cup were defined as linear elastic; the ball outer surfaces
and cup inner surfaces were free to move and deform; the cup
outer surfaces were fixed; and the initial displacements of the ball
and cup were set to zero. The ball was displaced down its axis (at
angles of h1, h2 to the cup’s z axis as previously described). Friction
rce measurements. (A) The sensor is made of a soft elastomeric microfluidic chip
icrofluidic chip layer contains an embedded microchannel with a fluid reservoir and
he Kapton substrate and consist of silver with an insulating polyimide coating. (D)
or, showing its flexibility. In this design, the reservoir has a round cross-section. (F)
the polymer part of the implant’s acetabular cup. (G) Our additions to the implant,
outer cup, and the inner cup to act as an articulating surface with the femoral head.
ted in a groove between the inner and outer cups. (J) Cross-section of the outer cup,
the active sensing area (reservoir) is exposed.



Fig. 2. Modelling the loading of sensors incorporated into implant acetabular component/cup geometry. (A) Schematic of angled loading; a force F is applied normal to a
sensor’s fluid reservoir, at 30� to the vertical. (B),(C) Finite element modelling simulations showing pressure P0 in the cup as a function of applied force F and the cup angle
between F and the cup normal, h. (D) Plan view of the cup, showing an array of six sensors and their fluid reservoirs. The force is applied normal to one reservoir, at h = 30�, and
the pressures shown are normalised by the pressure exerted on the reservoir closest to the contact point with the ball (femoral head). (E) Replacing a 5 mm2 section of the cup
with PDMS to show the effect of the cup shielding the sensors from the applied force.
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between the head and cup was not included in this model, as only
static loading was being simulated. The femoral head was meshed
coarsely, from 2 mm elements. Both elements of the contact pair,
the internal cup surface and femoral head surface were meshed
as 0.6 mm and 1.1 mm respectively. The total force applied by
the ball to the cup was calculated as a quadratic sum of the contact
forces in the x, y, and z directions using a Global Evaluation. The
contact pressures at each sensor were calculated from a Point Eval-
uation of the Von Mises stress at predefined points that correspond
to the sensor reservoir locations.

The Supporting Information details the methods and results of
finite element simulations to improve the sensor design by mod-
elling electrode behaviour and the effect of reservoir dimensions
and chip material on the sensor sensitivity.

2.2. Sensor fabrication

Flexible Resin microfluidic chip fabrication: The CAD file for the
chip was custom-designed using Creo Parametric 6.0 (PTC, USA),
and printed using on the Formlabs Form 3 stereolithography
(SLA) 3D printer (Formlabs, USA) using the resin’s smallest layer
thickness of 50 lm. After printing, the chip was then washed in
isopropanol (IPA) for 20 min in a sonicating bath before being
transferred to the oven (FormCure, Formlabs, USA) for curing at
60 �C in 405 nm light for 10 min. The supports were then removed.

Interdigitated electrodes fabrication: 1–1.5 mL silver ink was pro-
duced by diluting Novacentrix Ag nanoparticles aerosol ink (JS-
A221AE) 1:3 by volume with DI water. The ultrasonic atomiser
(UA Max, Optomec, USA) in the aerosol-jet printer (AJP) (Optomec
AJ200) was used with a tip size of 150 lm to print the electrodes
on a 75 lm-thick Kapton (PI) film (RS Components Ltd., UK). Ink
and sheath flow rates were 20 and 80 sccm respectively. The over-
all dimensions of the electrodes are 20 mm � 0.5 mm. Silver con-
4

necting pads were printed at the end of the electrodes, which fit a
2-pin flexible printed circuit (FPC) connector. The silver was then
cured in the oven (Heratherm OGH60, Thermo Scientific, Germany)
at 150 �C for 2 h. To print the insulating polyimide (PI) layer on top
of the electrodes, a 15 mL PI ink made from a mix of poly(pyromel-
litic dianhydrideco- 4,40-oxydianiline), amic acid solution (12.8 wt
% in 80% NMP/20% aromatic hydrocarbon, Sigma-Aldrich, USA) and
N-methyl-2-pyrrolidone (NMP) (Sigma-Aldrich, USA) at a 1:1 ratio
by volume was used with the pneumatic atomiser and a tip size of
300 lm. The electrodes were covered with PI except for the con-
necting pads. To cure the polyimide, the electrodes were placed
in the oven at 200 �C for 2 h. The Kapton was then cut into the cor-
rect shape and size.

Bonding the microfluidic chip to the electrode layer [27]: The
adhesive layer connecting the microfluidic chip and Kapton elec-
trode layer was made from laser-cut double-sided tape (RS Compo-
nents Ltd., UK). The layer was designed in AutoCAD 2020
(Autodesk, USA), and then cut into the tape using a laser cutter
(Epilog Zing 16, 30 W). Vector mode was used, with a resolution
of 500 DPI and a frequency of 2500 Hz. The vector speed and power
were 90% and 10% respectively. One side of the tape was then
adhered to the microfluidic chip. The chip was then pressed onto
the Kapton layer with the adhesive layer in between. The align-
ment between the chip and Kapton was then checked under an
optical microscope. To minimise air bubbles between the chip
and Kapton layers, a weight was put on top of the chip layer to
press the two layers together.

Fluid injection: Fluid was injected into the channel to completely
fill the reservoir up to the entrance to the channel. The injection
hole is located adjacent to the reservoir but at the opposite end
to the channel and was incorporated into the CAD file of the chip.
The fluid, a 2:1 by volume glycerol-water mixture, was injected
until it just filled the reservoir. The ratio was chosen to obtain a
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balance between a low volatility and high dielectric constant. The
hole was then sealed with the silicone sealant to prevent the fluid
evaporating.

A list of components and materials used in finite element mod-
elling and mechanical testing is provided in Table S1 (Supporting
Information).
2.3. Experimental measurement of sensor response

Impedance Analyser: An ISX-3v2 impedance analyser (Sciospec,
Germany) was used to measure the electrical impedance of the
sensors. By using the simple circuit model for the sensor as a resis-
tor in series with a capacitor, the impedance Z can be converted
into a capacitance C using the equation C = - (2pf Im{Z})-1 where
f is the measurement frequency in Hz. To determine the optimal
f, frequency sweeps were conducted from 1 kHz to 1 MHz. Fre-
quencies below 20 kHz were determined to have high noise,
whereas higher frequencies had low impedance magnitudes. A
compromise frequency of 500 kHz was selected for further mea-
surements for a good signal-to-noise ratio. Three measurements
were carried out at each applied force and averaged over three dif-
ferent loading cycles.

Linear Motor and Load Cell: A linear motor (LinMot, Switzerland)
with a 20 N load cell (PCM Ltd., UK) was also used to test the sen-
sors individually before incorporation into the implant geometry. It
was found in practice that the load cell could read forces up to 40 N
if a sufficient cooling system was put in place to prevent
overheating.

Mechanical testing: Mayes 100 kN and Tinius Olsen 250 N
mechanical machines were used to test the in vitro response of
the sensors in the custom-made testing rig. To determine the max-
imum forces at which the sensor calibration broke down (for
example, when the capacitance response plateaued), the femoral
component was attached onto the load cell of the Mayes 100 kN
servohydraulic testing machine, while the custom testing rig con-
taining the acetabular component was screwed into the machine
itself. For calibration, the testing rig was attached to the Tinius
Olsen mechanical testing machine with a 250 N load cell. Details
on the mechanical testing of the bulk microfluidic chip material
are included in the Supporting Information.
3. Results

3.1. Design and operation of the microfluidic force sensor

Fig. 1a is a schematic of the sensor, whose design is based on the
group’s previous work [27]. The sensor consists of (1) a microflu-
idic chip (Fig. 1b) with an embedded microfluidic channel
(20 mm � 0.75 mm � 0.3 mm) and fluid reservoir
(2 mm � 2 mm� 0.3 mm), and (2) an electrode layer (Fig. 1c) com-
prising interdigitated silver electrodes on a flexible polyimide (PI,
Kapton) substrate for mechanical support. The chip can be made
using a silicone elastomer such as polydimethylsiloxane (PDMS)
poured into a stereolithography (SLA) 3D printed mold, or directly
SLA 3D printed by photo-curing an elastomeric resin (Flexible
Resin, Formlabs). The channel is aligned above the electrodes and
is open to air at the end opposite to the reservoir. The reservoir
is the active sensing area. It has a square cross section, is filled with
fluid by a syringe, and can contain internal columns for mechanical
support. The interdigitated electrodes are made by aerosol-jet
printing (AJP) silver nanoparticle ink onto Kapton and are pro-
tected by an aerosol-jet printed PI layer. The chip and electrode
layer are bonded using laser-cut double-sided tape. Fig. 1d shows
a photograph of the sensor, which has dimensions of approxi-
mately 30 mm � 5 mm � 1 mm and can be freely flexed
5

(Fig. 1e) and incorporated into the THR UHMWPE insert without
significant impact on sensor performance.

The operating principle is as follows [27]: when a force is
applied to the fluid reservoir, the reservoir deforms and displaces
fluid along the channel. The displaced fluid overlaps with the inter-
digitated electrodes, increasing the capacitance. The capacitance is
calculated using the equation C = e0erA/d where er is the relative
dielectric permittivity, A is the electrode area and d is the inter-
electrode distance. The fluid determines the value of er. On releas-
ing the force, the fluid returns to the reservoir.

The sensors are durable, with measurements reproduced over
more than 2,000 loading cycles in a mechanical testing rig [27].
For each sensor, the force-capacitance relationship is calibrated
by applying a known force and measuring the corresponding impe-
dance using an impedance analyser, which is converted to a capac-
itance. For the present application, an array of sensors is embedded
into the UHMWPE component.

Importantly, these sensors can be easily and rapidly customised
to suit a range of applications by changing the reservoir and chan-
nel size, electrode size and spacing, chip material and device size.
While this sensor has been developed for hip applications, we have
fabricated sensors with alternative designs, including a sensor
incorporating three sensing elements intended for the knee joint
both for the TKR and unicompartmental applications.

3.2. Incorporation of sensors into implant

To test the sensor’s performance in the hip, a biomimetic trial
insert (Fig. 1f) was designed using Creo Parametric and produced
by SLA 3D printing. The insert (Fig. 1g,h) consists of an ‘outer
cup’, which contains grooves to fit sensors; and an ‘inner cup’,
which has a smooth inner surface to act as an articulating surface
with the femoral head, and pegs to secure it in the outer cup. It was
decided to incorporate six sensors into the trial insert to provide a
balance between providing many sensing regions and mechanical
stability when loading the sensors. The sensors were incorporated
into the grooves (Fig. 1i) such that the reservoirs were at 30� to the
cup axis. In this study, the outer cup has an external diameter of
43 mm and an internal diameter of 41 mm, but this can be adapted
to suit femoral heads of different sizes. Typically, the femoral head
has a diameter between 28 and 40 mm [1]. The groove depth is
deliberately reduced going from the outside of the cup towards
the centre (Fig. 1j). This gives the effect of raising the reservoirs
out of the grooves, such that an applied force is concentrated on
the fluid reservoirs (the active sensing area) while shielding the
channel.

Formlabs’ Durable Resin was used as the cup material – the
resin has similar mechanical properties to the UHMWPE used in
the acetabular insert of real hip implants (see Supporting Informa-
tion Fig. S6 for mechanical characterisation).

3.3. Finite element modelling of sensors within implant geometry

Finite element models were produced to: 1) improve the sensor
design by modelling electrode behaviour and the effect of reservoir
dimensions and chip material on the sensitivity, and 2) obtain a
theoretical force distribution in the trial insert upon application
of an external force over a range of magnitudes and orientations
relative to the cup, similar to a surgeon inserting and testing the
implant during THR. The corresponding methods and results of
the former are presented in the Supporting Information; here, we
focus on simulating the sensors in the implant trial insert
geometry.

A finite element model was created to simulate the interaction
between the ball-like femoral head and socket i.e. the cup or
acetabular component (Fig. 2), including the simulated forces at
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different points in the cup when a certain force is applied by the
head. This model determines the theoretical force that each sensor
should be reading, to compare to the actual response of the sensors
in practice. Fig. 2a shows a schematic of the loading setup in the
model – the ball-like femoral head applies a force F to the cup-
like acetabular part of the implant.

Fig. 2b shows how the pressure P0 at a point on the internal
surface of the cup varies with angle h (in degrees) and magnitude
F of the applied force. P0 increases with applied load, and decreases
linearly with angle h from the force axis, resulting in the equation
P0 = Pmax(1 – h2/p2)where the pressure is at a maximum (Pmax) at an
angle of 0�. This expression agrees with the paraboloidal theory of
contact between a sphere and a cup as established by Calonius and
Saikko [28]. Fig. 2c shows a heat map of P0 at h = 0� and 30�.
The model is used to carry out proof-of-concept simulations of
the balance within the joint geometry. Fig. 2d shows the relative
pressures exerted on the sensor reservoirs when a force is applied
directly onto one of the reservoirs, at h = 30�. This model will be
used as a guide in the calibration of sensors in the hip implant
geometry.

To determine the effect of incorporating sensors into the cup
grooves, a 5 mm � 5 mm square section of the HDPE cup was
replaced with PDMS (Fig. 2e) at a cup angle h = 30�, to represent
a sensor embedded into the cup. The pressure P0 was approxi-
mately 3.6 times smaller on the PDMS section (P0 = 96 kPa) than
on an HDPE section at the same cup angle (P0 = 344 kPa), which
represents a section of the cup made from the cup material with
no embedded sensor. This indicates that the stiffer cup material
is shielding the sensors from the applied force with the sensor-
cup combination acting like a composite material, allowing the
sensors to remain intact at higher applied forces. Fig. 2e also indi-
cates that the shielding effect does not significantly change the
forces in the areas of the cup surrounding the PDMS square. This
analysis was also compatible with the observation that the maxi-
mum operating applied force was considerably higher in this cup
geometry, with a sensitivity value of approximately 0.03 pF N�1 –
compared to 0.06 pF N�1 when calibrating the sensors when not
housed in the cup (see Fig. S2 of the Supporting Information).

3.4. Mechanical testing of sensors within implant geometry validates
simulation results

To validate the simulation results, we designed a custom
mechanical testing rig (Fig. 3a) to experimentally apply an external
force from the head to the cup component in the hip implant. The
rig consists of a polycarbonate (PC) support that houses a rotating
brass stage. The stage has been machined to house the outer cup
(Fig. 1g-i), which is held in place by semi-circular pegs. The sensors
are inserted into the grooves between the inner and outer cups.
The femoral head is attached to the moving component of a
mechanical testing machine and is lowered into the cup to apply
the desired forces. This rig was used with two mechanical testing
machines: the Tinius Olsen 250 N and the Mayes 100 kN for lower
and higher forces respectively. The stage can rotate and be locked
in position to load the cup at angles of up to h = 30� to the cup nor-
mal in approximately 5� increments.

Fig. 3b demonstrates the effect of loading and unloading one
sensor from applied force F = 0 N to a maximum force Fmax, which
varied from 100 to 1800 N, over 14 loading cycles. During each
cycle, the force was applied linearly from 0 N to Fmax, held at Fmax

for 10 s, then unloaded with the same linear relationship. A clear
increase in capacitance values can be seen as Fmax increases to
400 N, above which the capacitance response starts to plateau,
which would complicate calibration. The maximum capacitance
change DC also decreases with increase in Fmax above 700 N, indi-
cating that fluid may be lost from the sensor. This is an appropriate
6

force range for applications in hip surgery, but it can be increased
by modifying the sensor design, for example by changing the chan-
nel and reservoir dimensions.

Fig. 3c shows the loading and unloading of six sensors incorpo-
rated into the cup, with Fmax = 20 N and h = 0�. The sensor reser-
voirs, the active sensing components, were located at 30� to the
cup centre. The cup was loaded to 20 N, the force was held at
approximately 20 N for 20 s, then the cup was unloaded to 0 N.
The sensors vary in response, which could indicate imbalance in
the loading setup. Fig. 3d repeats this experiment for a cup angle
of h = 30�, showing the effect of the new cup orientation. The sen-
sors with reservoirs closer to the axis of applied forces demon-
strated a greater increase in capacitance. These experiments were
repeated over 20 loading cycles without significant change in
device performance, but the individual sensors can last up to at
least 100 loading cycles without failure (see Supporting Informa-
tion Fig. S14). The data in Fig. 3c and 3d also show a delay of a
few seconds between applying the force and the sensors’ response,
which may be due to force being applied too quickly relative to the
fluid’s relaxation time.

Fig. 4 shows the calibration when a series of load cycles were
applied, with the maximum force reached increasing from 50 N
up to 200 N and decreasing back to 50 N. Fig. 4a demonstrates that
the sensors can be loaded up to 200 N and then back to 50 N with-
out a significant change in performance. Fig. 4b is a plot of the
change in capacitance with force, calculated from capacitance-
time and force-time data. The loading curves all show a similar
sensitivity of 0.03 pF N�1, but the unloading curves show large hys-
teresis. This hysteresis is only present when calibrating the sensors
inside the curved trial insert geometry – it is not present when the
sensors are calibrated using the linear motor, when the sensors are
flat [27] (also see Supporting Information Fig. S2). The hysteresis is
consistent between cycles, so does not significantly affect the cal-
ibration. It may arise from the fluid wetting the channel’s internal
surface, causing a time delay as the liquid returns to the reservoir.
This hysteresis could be reduced by choosing a liquid that has less
favourable interactions with the channel. Additional calibration,
including varying the cup and stage angle and determining the
consistency of samples, can be found in the Supporting Information
Figs. S15 and S16.

In this loading setup, the gradient of the capacitance-force cal-
ibration curve was lower – approximately 0.03 pF N�1 compared to
0.06 pF N�1 when calibrated outside of the cup [27]. It is therefore
likely that the cup is acting to shield the sensors from these forces
as previously indicated by the modelling results. This agrees with
the observation that the maximum operating applied force for
the sensors was considerably higher in this trial insert than when
the sensors were calibrated on their own.

We have also characterised how modifications to both the chip
design and material may affect device performance; such data (ex-
perimental and computational) is in the Supporting Information.
4. Discussion

This paper summarises the design, production and characterisa-
tion of a next-generation hip implant technology that contains
microfluidic force sensors, designed to replace part of the trial
insert during surgery while the surgeon dynamically assesses the
THR positioning, soft tissue tensioning, size and prosthetic
impingement. This will provide the surgeon with quantitative data
on the interfacial forces between the implant’s femoral head and
insert during the THR, so that imbalance and improper positioning
can be detected and corrected, decreasing the rate of implant fail-
ure. This is crucial, as surgeon experience is linked to fewer compli-



Fig. 3. Mechanical testing of sensors in trial hip implant geometry. (A) Custom-built testing rig for use with the Mayes 100 kN Universal servohydraulic test machine.
[Inset] The central stage rotates to load the insert cups at angles of up to 30�. (B) Loading one sensor in the cup geometry up to a maximum applied force, Fmax. [Top] There is a
clear force-capacitance relationship between Fmax = 100 N and 300 N. [Bottom] In order to reach higher forces, a different machine was used – therefore, the measurement
duration is longer. The sensor is operational up to at least 400 N, above which the response begins to plateau. (C) Loading six sensors in the trial insert up to Fmax = 20 N at a
cup angle h = 0�. The coloured lines and dots indicate different sensors. (D) Loading six sensors in the trial insert up to Fmax = 20 N. The force is applied normal to a sensor’s
reservoir, at a cup angle h = 30�.
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cations during surgery and better patient satisfaction post-surgery
[29,30].

Furthermore, it is well-documented that specialised hip sur-
geons are less likely to have complications as compared with gen-
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eral orthopaedic surgeons, and patients operated on by
orthopaedic trainees report less satisfaction than surgeons with
greater than 15 years of experience according to data from the
Swedish Joint Registry [29–31]. The objective force feedback our



Fig. 4. Sensor calibration and hysteresis behaviour in trial insert. (A) A series of loading curves showing change in capacitance over time, increasing Fmax from 50 N to
200 N then decreasing it to 50 N. The experiments were performed in the order shown in the legend (top to bottom). (B) Force-capacitance calibration curves for the loading
curves in (A). The sensors exhibit significant hysteresis, with non-linear unloading curves indicating wetting of the channels by the fluid. This hysteresis is consistent between
loading cycles, and therefore does not significantly affect calibration.
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technology provides has the potential to augment training and
reduce learning curves in hip replacement surgery by allowing
trainee surgeons to receive visual and haptic feedback of the accu-
racy of implant positioning during the trialling process. Therefore,
quantitative force data could be a useful tool to both improve the
technique of experienced surgeons and as a training tool for non-
specialists to perform the same surgery with the same outcomes.

Although accurate implant placement has now been addressed
to an extent with navigation or robotic assisted techniques, diffi-
culties with inappropriate soft tissue balance and prosthetic
impingement remain unaddressed, leading to poor functional out-
comes and accelerated wear [32]. Furthermore, they require a sig-
nificant amount of investment and are not available for routine use
in most hospitals worldwide [33].

Many different existing sensing mechanisms could potentially
meet the clinical need for quantitative force sensing, including
capacitive, resistive, piezoresistive, optical, triboelectric, magnetic,
passive resonator and FET-based sensors [34]. Capacitive sensors
have limited spatial resolution compared to resistive ones, but
have a higher reliability [35–40]. Flexible microfluidic force sen-
sors have been made previously for tactile and haptic sensing
[41–43], but could not reach the high forces required in this appli-
cation. Some devices can reach higher resolutions, but each sensing
element requires a large support system featuring electrical con-
nections [44] or power supplies.

Here, we have developed a capacitive microfluidic force sensor
that is conformable and functional at the forces used in hip sur-
gery. The force sensors were incorporated into 3D printed trial
inserts which were subjected to loading forces at different angles
through a femoral head in a custom-made mechanical testing rig
that was designed to mimic loading conditions during surgery.
The force distributions acquired from the sensors under different
loading conditions were in agreement with those acquired through
finite element modelling of the sensor-loaded inserts. The sensors
were therefore experimentally and computationally validated for
application in THR. Whilst prosthetic impingement and soft tissue
balance are key in assessing the stability of a THR intra-operatively,
these conditions were not simulated in the lab with the current
8

experiments. The next phase of our experiments includes cadaveric
testing which will involve both these simulations in the cadaveric
setting.

Mechanical characterisation has demonstrated that the sensors
can measure forces up to at least 400 N, which meets the expected
requirements for the force range applied by the surgeon during
THR [34,45]. This is orders of magnitude above the capability of
similar microfluidic or flexible pressure sensors in the literature
[46–48]. In the current design, the response beyond 400 N is satu-
rated, but this can be easily adjusted by changing the chip and
electrode geometry, the material stiffness and the trial insert
design. Our results indicate some hysteresis in the loading and
unloading cycles, which could have an effect on long-term perfor-
mance, depending on the underlying mechanism. For example, vis-
coelastic relaxation of the solid microfluidic chip would give rise to
loading frequency dependent hysteresis, but this would not
depend on the number of cycles. However, if the hysteresis beha-
viour is due to absorption of fluid by the electrodes over time, then
this would require the sensors to be calibrated prior to each use.
Mechanical testing also revealed that there is no loss of sensor
functionality when curved, and they can be repeatedly loaded at
these high forces. The device currently incorporates six sensors,
but by improving the chip and electrode design, including wireless
sensing, more sensing elements can be incorporated.

The sensors and trial implant provide minimal modification to
the insert itself during surgery. Existing devices in the literature
either modify the implant geometry [25,39,49], which has been
deemed expensive and technically challenging [34], disturb the
contact zone between the femoral head and acetabular cup
[48,50], or are implanted away from the contact area and therefore
do not directly measure contact forces [51].

Furthermore, the sensors and cups can be rapidly produced by a
combination of aerosol-jet printing and stereolithography 3D
printing over a few hours, which is a significant improvement over
traditional soft lithography methods that can be several times
more expensive and time-consuming [52]. Therefore, while these
sensors have been demonstrated to work in the ball and cup hip
joint geometry, there is scope to adapt the sensor design to work
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in other areas of the body, including the knee, in the patellofemoral
joint and in medial and lateral compartmental replacement, as well
as in the spine, shoulder and ankle.

While these sensors have advantages of flexibility, greater force
range and ease of manufacture, they must also be sensitive enough
to detect imbalance. Studies using sensor-guided technology in the
knee [53,54] that used two force-sensing components defined that
the implant is ‘balanced’ if the two sensing components registered
a difference of 67 N, which our sensors can easily distinguish. In
the future, in vivo testing will be carried out to demonstrate the
technology’s usefulness in desired settings. Biocompatibility tests
will be performed to determine the host’s response to the sensors.
Cadaveric testing will test the usage of the sensor-loaded trial
insert. The sensors have been tested and shown to work at ambient
temperatures (10–50 �C).

In summary, we present a thin, flexible, and robust capacitive
microfluidic force sensor, that can be fabricated quickly and
cheaply using additive manufacturing. A custom-made mechanical
testing rig was designed, produced, and used to demonstrate that
the sensors can be loaded up to the forces typically applied by
the surgeon during THR. The results obtained from the mechanical
loading experiments were in agreement with finite element simu-
lations under similar conditions. Due to the sensor design’s cus-
tomisability and adaptability, in the future these sensors could
be used in a range of different applications where force monitoring
and balancing is essential.
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